We develop a single-end-access strain/temperature sensor configuration based on multimodal interference in a polymer optical fiber (POF) with an extremely high sensitivity. The light Fresnel-reflected at the distal open end of the POF is exploited. We obtain high strain and temperature sensitivities of -122.2 pm/με and 10.1 nm/˚C, respectively, which are shown to be comparable to those in two-end-access configurations.
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[10] D. Garus, et al.: "Distributed sensing technique based on Brillouin optical-fiber frequency-domain analysis," Opt. Lett. 21 (1996) 16] , and optical interference [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . While many types of interference-based strain and temperature sensors are reported, those based on the interference of multiple guided modes in multimode fibers (MMFs) have received a great deal of attention for the past two decades because of their system simplicity, cost efficiency, and high sensitivity.
As summarized in Table 1 in Ref. [18] , a number of configurations have been implemented; the most commonly used configuration of them is a so-called "single-mode-multimode-single-mode" (SMS) structure [19] [20] [21] [22] [23] [24] [25] [26] , where an MMF is sandwiched between two single-mode fibers (SMFs).
Let us review the recent developments of SMS-based strain and temperature sensors. Using a 1.8-m-long silica graded-index (GI-) MMF, a strain sensitivity of +18.6 pm/µε and a temperature sensitivity of +58.5 pm/˚C were obtained at 1550 nm [19] . Both the absolute values and the signs of the strain and temperature sensitivities were found to be determined by "critical wavelengths" [20] , which depend on the core diameter and/or the dopant of silica MMFs. To extend the measurable strain range, using a 0.16-m-long polymethyl methacrylate (PMMA)-IEICE Electronics Express, Vol.* No.*,*-* 4 based step-index polymer optical fiber (POF) as an MMF, a strain sensitivity of -1.72 pm/µε and a temperature sensitivity of -56.8 pm/˚C were obtained at 1570 nm [21] . However, the propagation loss of PMMA-based POFs at telecom wavelength is so high (>> 1 × 10 5 dB/km) that the measurable distance is intrinsically limited to several meters or less. To overcome this problem, we have recently implemented SMS-based strain and temperature sensors using perfluorinated (PF) GI-POFs [22] [23] [24] , which are the only POFs with a relatively low loss of ~250 dB/km even at 1550 nm (or ~50 dB/km at 1300 nm). When the POF length was 1.0 m and the core diameter was 62.5 μm, we obtained a strain sensitivity of -111.8 pm/με and a temperature sensitivity of +49.8 nm/˚C at room temperature at 1300 nm; these values are by far larger than those previously reported using other MMFs [22] .
Thus, substantial efforts have been made to improve the performance of SMS- 
Principle
A conceptual setup of the conventional two-end-access (or transmissive) configuration is depicted in Fig. 1(a) . When light is injected from an SMF to an MMF, a few lower modes are excited in the MMF owing to the spot-size difference between the fundamental (or 0th) modes in the SMF and the MMF. They propagate along the MMF with their respective propagation constants and reach the other MMF-to-SMF interface, at which the net field coupled to the SMF is determined by the relative phase differences among the multiple modes guided in the MMF.
Under the assumption that the MMF and SMFs are axially aligned, the modes excited in the MMF are axially symmetric, and the optical power Pout output from the SMS structure is expressed as [25]
where ai is the field amplitude of the i-th mode at the first SMF-to-MMF interface, βi is the propagation constant of the i-th mode, and L is the MMF length. This equation indicates that the optical output power is influenced by physical changes (especially, the changes in the propagation constants and in the MMF length) caused by strain and temperature. Thus, by measuring the shift of spectral dips (or peaks), strain and temperature sensing can be performed. Subsequently, a conceptual setup of the single-end-access (or reflectometric) configuration is shown in Fig. 1(b) . The light injected from an SMF into an MMF via an optical circulator is Fresnel-reflected at the distal open end of the MMF and then propagates back along the MMF and the SMF; the output spectrum is finally observed at the third port of the circulator. In this reflectometric configuration, the optical path length in the MMF becomes twice as long as that in the transmissive one; the purpose of this work includes clarification of this effect on the sensitivities. Note that the optical circulator used in Fig. 2(b) had an operating wavelength of 1280 to 1340 nm and insertion losses of approximately 0.5 dB for both directions (i.e., port 1 to port 2 and port 2 and port 3). In both cases, the entire length of the POF was strained or heated. The room temperature was approximately 28˚C. of temperature (Figs. 4(c) and 4(d)) indicate that the temperature-dependence coefficients were 9.63 nm/˚C (transmissive) and 10.1 nm/˚C (reflectometric); these values are also consistent with those previously reported [22] . Thus, the reflectometric configuration was experimentally proved to possess almost the same strain and temperature sensitivities as those of transmissive configuration with an advantage of single-end accessibility (see Appendix). One concern is that when the POF length is longer than several dozen meters, the additional propagation loss may result in the reflected spectrum buried by the noise floor.
Experimental setup
This problem could be mitigated by attaching a mirror at the end of the POF.
Conclusion
A single-end-access configuration of SMS-based strain and temperature sensing systems exploiting Fresnel reflection at the distal open end of the MMF (PFGI-POF) was developed. High strain and temperature sensitivities of -122.2 pm/με and 10.1 nm/˚C, respectively, were obtained. These values were comparable to those in the two-end-access configuration. We anticipate that our method will drastically enhance the ease of handling of SMS-based fiber-optic sensors.
